ABSTRACT: Pigment distribution and photosynthesis versus irradiance (P-E) responses in the mixed layer (ML) and in the chlorophyll maximum (CM) were examined in the coastal transition zone (CTZ) between the NW African coastal upwelling and the Canary Islands during August 1993. The sampling included 2 island-generated eddies in the lee of the archipelago and an upwelling fllament from the African continental shelf, entrained around a cyclonic eddy about 100 km width. Chlorophyll a and P-E parameters (a, P,) showed regional differences reflecting changes in the water column structure and phytoplankton species composition. The deep CM shoaled from -100 to -10 m as the African shelf was approached, and there was a d e a r offshore-onshore transition in the vertically integrated chlorophyll distribution and P-E responses related to the upwelling front. CM oceanic samples presented high a (0.020 to 0.042 mg C mg-' chl h-' [ p 0 1 m-' S-']-') and photoinhibition, indicating adaptation to low irradiance. Differences between CM and ML in P-E responses decreased in the vicinity of the upwelling until they eventually became indistinguishable in a well-mixed station on the continental shelf. Island-generated e d d e s affected mainly the productivity and chlorophyll bstributions at the deep CM. Nutrient input in the eddy center resulted in an increase of a in the CM to the level of the upwelling samples (-0.053 mg C mg-' chl h-' [pmol m-' S-']-'). On the basis of the mesoscale variability in the physical structure of the water column and the vertical distribution of chlorophyll, the CTZ was divided into 4 subregions with characteristic photosynthetic parameters. Average integrated production in these areas varied from -100 mg C m-' d-' in the most oligotrophic subregion to more than 5000 mg C m" d-' in the upwelling zone. The range of variation in the photosynthetic parameters in this CTZ was of the same magnitude as ranges observed in bas~n-scale studies of the Atlantic. Integrated production estimates are also in the lower and higher extremes of the observed values in the ocean. Our results highlight the importance of addressing the variability of the photosynthetic parameters in coastal upwelling-open ocean transition zones in order to model primary production at regional scales.
INTRODUCTION
Within the context of global climate change and the role of the ocean as a carbon dioxide sink, one of the main goals of biological oceanography has been the description and understanding of algal carbon fixation at regional and global scales. From the efforts of Koblents-Mishke (1983) , based on ecosystem classifications and ship-based primary production measurements, to the present models based on biogeographical divisions and satellite-obtained ocean color data (e.g. Platt et al. 1988 , Longhurst 1995 , Sathyendranath et al. 1995 , the technique for monitoring phytoplankton photosynthesis has significantly improved. Nevertheless, in global production models, 2 components have changed little: (1) the necessity for in situ observations and (2) the division of the ocean into compartments dependent on a variety of criteria.
Satellites provide information about sea-surface color fields from which near-surface chlorophyll fields are derived (Gordon et al. 1980) . But most complex bio-optical models also require knowledge about depth-resolved optical properties of the water column, and some chlorophyll-specific parameters defining the photoadaptative response of phytoplankton: P,, a, P , Sathyendranath et al. 1995 , the absorption cross section (a') and quantum yield of phytoplankton (Kiefer & Mitchell1983, Bidigare et al. 1987 , 1992 , or the optimal assimilation efficiency (P,,,) (Behrenfeld & Falkowski 1997a) for the biomass-to-production conversion.
An alternative approach is the use of relationships between sea surface temperature (SST) and nitrate concentration and the utilization of nitrate uptake to calculate the f-ratio (allochthonous nitrate-based production to total production ratio) as in Eppley & Peterson (1979) and Sathyendranath et al. (1991) . However, this relationship is not useful for most warm oligotrophic water masses where surface concentrations of nitrate are undetectable (Balch & Byrne 1994) .
The complexity of eco-physiological responses in marine systems renders difficult the computation of universally valid relationships between environmental and primary production changes. Consequently, the ocean has generallv been divided into relatively homogeneous ecological domains (oceanic-coastal waters, polar-temperate-subtropical-tropical waters, etc.) where a general parameterization can be accomplished. Behrenfeld & Falkowski (1997b) , in a review of primary production models, concluded that differences in estimates of global annual primary production are due to differences in biomass fields and in the selection of the photoadaptative variables but not to the model itself. Hence, a good estimation of primary production requires appropriate selection of the parameters for each region. Moreover, at smaller scales, the presence of different growth and loss characteristics in phytoplankton populations which are spatially heterogeneous means that the approach used at large scales can here lead to ambiguities (Marra 1980) . Specific algonthms that account for local peculiarities (i.e. north-south, east-west gradients) or heterogeneities (recurrent or permanent mesoscale structures) should therefore be developed. Finally, links with contiguous regions to avoid excessively fragmented production maps would be desirable.
Coastal transition zones (CTZ) are boundary regions between subtropical gyres and coastal upwelling regions where intense mesoscale variability takes place , Haynes et al. 1993 , Barton et al. 1998 . The productivity of these areas is uncertain since their intense variability has frequently not been considered. The development of satellite imagery in the last decades has provided evidence that the boundary between coastal upwelling and open ocean systems is highly irregular. Cold filaments have often been reported in the Canary Current (La Violette 1974 , Van Camp et al. 1991 , Hernindez-Guerra et al. 1993 ) and other eastern boundary currents (Davis 1985 , Flarnent et al. 1985 , Kelly 1985 , Shannon et al. 1985 , Huyer & Kosro 1987 , Swenson et al. 1992 . These structures transport cold upwelled water from the shelf into the ocean, and their return flow introduces warm offshore waters to the nearshore zone (Mooers & Robinson 1984) . Nutrient distributions and plankton biomass and production are also affected (Traganza et al. 1980 , Abbott & Zion 1985 , Abbott et al. 1990 , Hood et al. 1991 . Most observations have led to speculation that filaments act as vehicles to link rich shelf waters with open ocean oligotrophic waters (Mooers & Robinson 1984 , Rienecker et al. 1985 . Nevertheless, uncertainties remain about the origin of filaments and their contribution to seaward transport of coastal water.
Because filaments are relatively persistent and recurrent (e.g. Haynes et al. 1993) , they may be especially important to the nutrient and carbon fluxes of coastal transition zones. The horizontal exchange of organic material and nutrients between filament and surrounding offshore waters could sustain high production rates outside the upwelling zone, or, alternatively, nutrient upwelling generated by the filament dynamics could significantly contribute to the offshore productivity (Jones et al. 1991) .
In the present paper we examine the spatial and vertical distribution of phytoplankton biomass and photosynthesis versus irradiance (P-E) parameters, in a region including the Canary Islands and the nearby NW African Upwelling (NWAU). The transition from the rich coastal upwelling waters to the offshore oligotrophic system covers a region with distinct but closely linked physical and biological characteristics. Vertical stability promoted by thermal stratification, and consequently vertical transport of nutrients, varies from offshore to shelf waters but also varies in relation to mesoscale structures. Recent work has provided evidence of the importance of local mesoscale processes in phytoplankton biomass distribution and production m the Canary Islands (e.g. Aristegui et al. 1997) . Knowledge of the effects of these mesoscale forcing functions on biomass accumulation and production is of critical importance when estimating regional and global carbon fixation rates.
METHODS
Field sampling. The observations reported in this paper were carried out during 4 to 27 August 1993 on board B10 'Hesperides'. The area under study covered the transition zone between the NWAU and offshore waters of the Canarian Archipelago. A transect across the islands to the African shelf was followed by a mesoscale survey of a coastal filament entrained around a cyclonic eddy and an adjacent island-generated eddy (Fig. 1) . The eddy position was traced with lagrangian drifters (Barton et al. 1998 ) and sampled twice (C and D, Fig. 1 ) over an interval of 5 d. At the center of the eddy (Stn 174) a 24 h sampling was carried out.
CTD data were obtained at each station using a Sea Bird SBE-911 plus probe mounted on a 24 bottle rosette equipped with 12 1 Niskin bottles. A Sea Tech fluorometer was attached to the system. Data from the CTD sensors were calibrated against reversible thermometer readings and salinity analyses (Autosal 2000) of discrete samples. The in situ fluorometer was calibrated with samples collected at 6 to 8 depths withn the upper 100 m of the water column. For this, 500 m1 samples were filtered through Whatman GF/F fiberglass filters and extracted overnight in 10 m1 of 90% acetone at 4°C in the dark. For size fractionation, the same volume was filtered through 2 pm Millipore polycarbonate filters. Fluorescence before and after acidification was measured with a Turner Designs bench fluorometer (Holm-Hansen et al. 1965) , calibrated with pure chlorophyll a (Sigma Chemical Corp.). Underwater scalar photosynthetically available radiation (PAR) profiles were measured using a QSP-200 sensor (Biospherical) and a QSR-240 sensor for on deck referencing.
Chlorophyll transport was calculated from ADCP records (see Barton et al. 1998 ) as in Jones et al. (1991) . To calculate the transport J, the flux over an area centered on the grid point i,j, was integrated:
',I X 2 where c,, = velocity perpendicular to a transect plane at the grid point; C,,, = concentration of chlorophyll at grid point i,j; L,,L, = length of the box around grid point i,j in the horizontal and vertical directions, respectively.
Primary production. Samples for primary production experiments were taken at 2 depths generally corresponding to the mixed layer (ML) and to the chlorophyll maximum (CM). All production stations were sampled around local noon to avoid die1 variations of photosynthetic parameters (MacCaull & Platt 1977) . P-E curves were performed in incubators containing 23 culture flasks (80 ml), where a light gradient up to -1900 pm01 m-' S-' was created using a halogen lamp as a light source. Neutral density filters were used to attenuate the light intensity in the incubator. Light in each bottle was measured with a quantum scalar irradiance meter QSL-100 (Biospherical Co.), and 7 to 14 pCi of I4C-labeled sodium bicarbonate solution was added to each bottle. In situ temperatures were reproduced inside the incubator with a cooling bath to within + O.l°C. The added activity was estimated at the Fig. 3 . T1, T2 and T3 are the transects for which chlorophyll transport was calculated (Table 1 ). The region was divided into zones G1, G2. G3 and G4 for primary production estimations cocktail. After 3 h of incubation, samples were filtered using low vacuum pressure (<0.3 bar) onto glass fiber filters (Whatman GF/F, 25 mm) and acidified with 1 m1 of 2 N HC1 for -18 h to drive off inorganic carbon. Radioactivity was counted on board in a Beckman scintillation counter using Aquasol-I1 cocktail. An external standard was used for quench correction. Dark fixation was subtracted from illuminated bottle counts.
Chlorophyll-specific photosynthetic parameters a, Pm and p were fitted to standardized production values by non-linear regression fitting of the expression by Platt et al. (1980) : where P(E) (mg C mg-' chl h-') is the instantaneous production rate normalized to chlorophyll at irradiance E (pm01 m-' S-'), a is the initial slope of the P-E curve at limiting light levels (mg C mg-' chl h-' (pm01 m-'
, and P, is the potentially maximum light-saturated rate of photosynthesis under conditions of no photoinhibition. In the absence of photoinhibition this expression can be reduced to the equation of Webb et al. (1974) :
where P, and P, can be related by the expression after Platt et al. (1980) .
Integrated production calculations. Daily depthintegrated production rates (0 to 100 m) were estimated using measured light attenuation coefficients, surface P-E parameters and chlorophyll data for each station. Daily light variation was calculated assuming a sinusoidal variation of the measured midday surface irradiance. Production estimates based on 2 P-E curves (ML and CM) were performed assuming that the surface parameters were constant throughout the ML and decreased or increased linearly from the thermocline to the CM. No correction was made for diel variations of photosynthetic parameters since variations observed in the only diel study were unlikely to be representative of changes at every station.
As most chlorophyll profiles showed subsurface maxima, integrated production values were calculated assuming a non-uniform biomass profile. Hence the data were used to calculate a Gaussian curve from which parameters were derived for calculation of biomass at any depth ( 2 ) : where B(, is the baseline pigment concentration (mg m 3 ) , Z, is the depth of the chlorophyll maximum (m), o the width of the peak (m) and h l ( o 6 ) is the height of the peak (h units are mg m-2) measured from the baseline .
The light profile was calculated as follows: maximum photon flux at noon on the sea surface was obtained from averaged on deck records. Surface irradiance was assumed to vary as a sine function over the day. Losses of irradiance by reflectance at the sea surface were calculated from the values of Austin (1974) for 4 m S-* winds. Light at depth z was obtained from E, = E,-lexp(-KAz), where the average light attenuation coefficient K (m-') was computed from in situ measurements. Finally daily-integrated production values (P,,,) were obtained by double integration over daylength and depth.
RESULTS

Hydrographic structure and distribution of phytoplankton biomass
The general hydrographic pattern during the cruise has been thoroughly described In Barton et al. (1998) and Navarro-Perez & Barton (1998) . An upwelling filament was situated between Cabo Juby and Cabo Bojador extending about 150 km seaward from the continental shelf, reaching the vicinity of Gran Canaria. At its offshore limit, the filament was entrained around a wide oval-shaped cyclonic eddy with its major axis aligned with the prevailing current. At depths below the mixed layer, the eddy presented a clear signal of low temperatures (Fig. 2) .
Southwest of Gran Canaria, the signal of a smaller cold-core eddy was also evident. The eddy drifted southwestward at a speed of about 0.1 m S-' (Barton 1994b ) with a trajectory and position consistent with prevlous descriptions of island-generated eddies in the area (An'stegui et al. 1994) .
Chlorophyll concentrations ranged from about 0.05 mg m-3 in the oceanic areas to more than 3 mg m-3 over the African shelf. A map of ~ntegrated (1 to 100 m) chlorophyll distribution (Fig. 2) reveals highest values over the continental shelf in the upwelling zone but rapidly decreasing in the offshore direction. Low chlorophyll values appear in the center of the filament eddy, while a localized maximum was observed on its southern flank (see 'Discussion').
With the aim of quantifying the importance of the filament as a mechanism of offshore transport of phytoplankton biomass, we calculated the chlorophyll transport based on ADCP records (Barton et al. 1998 , Navarro-Perez & Barton 1998) across Transects T1, T2 and T3 (Fig. 1) as in Jones et al. (1991) . Although the biomass signal along the jet rapidly disappeared, a net
Longitude (W) islands. Two temperature domes, presumably corresponding to 2 cold-core eddies, are observed southwest of the islands of La Gomera and Gran Canaria. The latter eddy is more intense (>50 m uplift) and exaggerated by the steep isothermal decline on its western side. This isoline deepening is caused by an adjacent anticyclonic structure observed in AVHRR images in the vicinity of Tenerife (Barton et al. 1998 ).
West of La Palma (Stn 3) a third dome affecting the upper 80 m is also observed. The deep CM shoals in a west-east direction from 90 to 110 m at the westernSurface temperatures in the surface layer increase most stations to 10 m over the continental shelf. Intense from 17.5"C on the African shelf to 22°C offshore. The doming due to eddies produces the elevation of the upper part of the water column on the continental shelf deep CM, as seen in the periphery of the eddy of Gran is well mixed, while a sharp thermocline, progressively
Canaria. This effect has been extensively discussed by deeper, appears westwards. This trend is disrupted by Anstegui et al. (1997) . Although the upwelling filament and its terminal eddy extend 100 km offshore to Stn 99, high surface chlorophyll values (> 1 mg m-') are restricted to the stations in the upwelling area. Stn 65 is placed in the boundary between high-pigment-content upwelled waters and waters in the filament where values higher than those offshore are encountered only in the deep CM. A shift in the community structure also occurs at this point. Size fractionation of chlorophyll reveals picoplankton as the dominant size fraction outside the upwelling, accounting for 75 to 88% of the total biomass (Fig. 4) . This percentage dramatically changes in upwelled waters and particularly in the front between both water masses (Stn 65) where large cells (>2 pm) dominate (80%). At this station a shallow thermocline (23 m depth) is already visible.
Primary production P-E response curves along Transect A-B (Fig. 3b , Table 2 ) display a clear offshore-onshore transition. Two trends in the phytoplankton light response are particularly clear across the CTZ: (1) there is an increase in the magnitude of the P-E parameters as the nutrient-rich upwelling waters are approached and (2) the photosynthetic responses in the ML and CM become progressively alike as mixing increases towards the coastal upwelling. ML and CM parameters for the station on the continental shelf (Stn 56), where nutrient concentrations are high (almost 4 pM at 10 m), are similar and do not present significant photoinhibition. Both parameters are amongst the hghest measured (average P, and a, 12.11 + 0.9 mg C mg-' chl h-' (Table 2 ). The former is located in the southern boundary of the filament. A high assimilation number (1 1.4 mg C mg-' chl h-') was measured in the ML at this station, while at the deep CM, P, is closer to the values observed in the rest of the filament structure. Conversely Stn 166, located in the island-generated eddy, shows anomalous h g h photosynthetic values in the CM sample (P, = 6.94 mg C mg-' chl h-' and a = 0.52 mg C mg-' chl h-' [pmol m-2 S-']-'). Similar a values in CM samples were measured only in the cyclonic eddy southwest of La Gomera (Stn 6) and over the African shelf (Stn 56). Nitrate concentrations at the subsurface sampling depth at these 3 stations were above detectable levels (>OS PM), an indication of nutrient-nch water upwelling or nutricline uplifting.
P-E parameters estimated for the ML at the 24 h station in the center of the eddy (Stn 174) displayed similar midday values (a = 0.008 mg C mg-' chl h-' [pmol m-' S-']-' and P, = 2.88 mg C mg-' chl h-') to the nearby Stn 166, placed in a more marginal zone. There was a significant diurnal variation in light-saturated and Light-limited photosynthesis (CV = 0.54 and 0.31), with maximum rates close to midday, but a presented Table 2 . P-E curve parameters a (mg C mg-' chl h" (pm01 m-2 S-']-'), P, (mg C rng-' chl h-'), p (mg C mg-' chl h-' (pmol m-'
S-']-').
P,,, (mg C mg-' chl h-') and sampling depth (m) (Fig. 5) . Nevertheless, these variations should be carefully interpreted since there is evidence that prolonged ( > l h) incubations may be biased by photoadaptative responses occurring on time scales of the same order or shorter than the incubation time that result in P-E variability (Lewis & Smith 1983 ).
-I emperature
With the aim of attaining general parameters to be used in a regional production model, we have grouped the stations where P-E experiments were carried out into 4 groups, according to the thermal structure of the water column and to the vertical distribution of phytoplankton biomass (Fig. 6) . G1 includes the stations representative of offshore conditions with a deep CM around 100 m depth. This distribution is typical of warm offshore regions (Venrick et al. 1973 , Herbland & Voituriez 1979 , Cullen & Eppley 1981 . Stations in the offshore extension of the filament or in the islandgenerated eddies (Stns 6 and 166) are included in G2. The latter present a thermocline structure similar to the waters of the filament although surface temperatures (>22"C) are in the range of offshore waters. G3 and G4 include stations in the upwelling front and on the continental shelf. Stn 76 shares characteristics with G2 and G3. Although it is far from the shelf, the structure of the water column, the vertical pigment distribution and the temperature-salinity characteristics at this location (Fig. 7) make it conform most to G3. Nevertheless, some other characteristics like the percentage of cells >2 pm (13% at Stn 76 and 49% at Stn 41) or the relation between the 1 % light depth, deep CM and thermocline depths (Fig. 8) indicate similarities with the stations in the offshore filament. Temperature-salinity plots (Fig. 7) reveal that along the CTZ gradient the upwelled water is mixed to varying degrees with offshore waters. The progressive transition in thermo-haline properties is disrupted by the gap between the stations placed farther offshore in the filament (Stns 91 and 99) and Stn 18 located only a few kilometers north. This gap separates upwellinginfluenced waters from offshore and eddy waters.
Tables 3 & 4 synthesize some characteristics of each of the groups (Stn 76 has been excluded from averages). Chlorophyll profile parameters show clear differences between groups as result of the progressively sinking chlorophyll maximum depth ( 2 , ) and the increase of the 1 % light depth (2,") towards oceanic waters. In fact, there is a constant relation between these 2 parameters averaged by groups (Fig. 8) . This is not the case with photosynthetic parameters. Stations affected by island-generated eddies do not fit well in G2 (Table 4) and have been treated as a separate group. Surface parameters in the eddies are in the range of G1, but values in the CM are clearly enhanced. The value of a is similar to that in the coastal upwelling and P, is in the range of G3.
We calculated daily production rates per unit surface (P,,,) for each of the areas indicated in Fig. 1 (Gl, G2, G3 and G4) and for the cyclonic eddies based on ML parameters. Calculations were performed by 4 different methods: (1) averaging estimates of the stations in each region, (2) calculating an average P-E curve for each region and using the measured chlorophyll distribution for each station, (3) averaging the non-uniform biomass curve parameters for each region and applying the measured P-E curve for each station, and (4) using an average P-E curve and an average biomass profile for each region. Results from all 4 methods were very similar and maximum deviations (CV < Table 3 . Integrated chlorophyll (chlh,; mg m2), 1 % light depth zeU (m), and non-uniform biomass distribution curve fitting parameters z, , (m), o (m), h (rng m-2), B, (rng m-3) for each zone (r SD) Table 4 . Range of P-E parameters in mixed layer (ML) and chlorophyll maximum (CM) samples for each zone; a (mg C mg-' chl h-' [pmol m-' S-']-'), P, (mg C mg-' chl h-'), P, (mg C mg-' chl h-') and P (mg C mg-' chl h-' [pmol m-' S-']-') a (MU P , (ML) a (CM) P, (CM) P ( . However, when 2 P-E curves (ML and CM) were used in the calculations (1 for the ML and a linear interpolation below, see 'Methods') estimates for G1 and the eddies dramatically changed (72% increment in G1 and 131 % in the eddies).
DISCUSSION
Pl?y!op!ankton distribn!ion and transpor! Physical and biological observations carried out during summer 1993 (the season of strongest trade winds in the area) reveal the presence of intense mesoscale variability in the CTZ off the NW African coast, affecting phytoplankton biomass distribution and primary production rates. Strong wind intensity enhances both coastal upwelling-related phenomena like filaments and island-generated eddy formation (Barton 1994a,b) . Under these conditions eddy shedding is a common phenomenon that appears to be produced by the interaction of the islands with the southward flowing Canary Current (Aristegui et al. 1994) .
Filaments enhance the exchange between upwelling and open ocean waters since their offshore transport can be significantly larger than Ekman transport (Kostianoy & Zatsepin 1996, Navarro-Perez & Barton 1998). In our study, the filament extended approximately 150 km offshore and then wrapped around a cyclonic eddy of 100 km diameter, to return shorewards. Chlorophyll distribution, although generally coherent with the temperature field, did not follow the entire path of the filament. Instead, waters with high chlorophyll levels dominated by large cells (>2 pm) were restricted to the shelf, and to a few stations In the filament jet. Sinking, lack of nutrients, grazing and losses by turbulent diffusion are possible explanations for phytoplankton decay. Relatively higher concen~trations of chlorophyll, which could be indicative of cells sinking below the photic zone, were observed in slope waters and in the anticyclonic eddy south of Tenerife. The general trend of the CM presents a progressive deepening that parallels the enlargement of the euphotic layer. Brink et al. (1991) suggest that sinking of near-surface water accounts for the rapid warming of surface waters with distance offshore in the filament. Our data show that there is a clear boundary marked by the presence of vertical isotherms indicating mixing. The real transition between the coastal upwelling and the filament takes place at Stn 65 (see temperature-salinity diagram, Fig. 7 ). Surface chlorophyll decreases by more than 1 mg m-3 in comparison to Stn 56, located 54 h-shorewards, hut the percentage of chl~rophy!! content in large cells is even higher than over the shelf. This effect has been corroborated by HPLC data on the same cruise (Van Lenning pers. comm.) that showed a higher contribution of diatoms to total chlorophyll at Stn 65 (max. 96 %) than over the shelf (max. 87 %), and could be attributed to species succession along the jet. Margalef (1982) suggests a theoretical succession that begins with small cells (flagellates and non-flagellates), continuing with medium-sized diatoms, and finally large-sized diatoms and dinoflagellates. This would explain the higher percentages of large cells observed in the upwelling front (Stn 65). This theory has been argued by Barber & Smith (1981) , who stated that newly upwelled water communities are the midpoint of the ecological sequence, since 3-dimensional circulation along the upwelling determines what will be in the subsurface flow that is upstream of the vertical transport. In any case, this mechanism would only accelerate the community evolution from small to large cells. Surface assimilation numbers in the same distance decrease from 13.02 to 9.08, but the maximum a estimation corresponds to Stn 65. The assimilation number, a parameter related to algal metabolism, is likely to vary between early and late stages of an algal bloom as nutrient concentrations change (Wilkerson & Dugdale 1987 , Dugdale & Wilkerson 1989 , while light-limited photosynthesis rates are generally less affected by nutrient limitation (Geider & Osborne 1992) .
Zooplankton grazing could also contribute to the chlorophyll decline. Barton et al. (1998) reported high zooplankton biomass in the center of the filament coinciding with a relative minimum in chlorophyll. This zooplankton maximum can be either the manifestation of transport of organisms along the filament or the result of in situ growth in waters of high phytoplankton content.
The decrease of phytoplankton biomass along the filament and the same magnitude of shoreward recirculation as offshore jet current velocities (Barton et al. 1998 ) result in a negative balance between offshore and onshore transport of chlorophyll. The magnitude of the along-jet imbalance is obviously dependent upon the area considered for transport calculations. Assuming the entire jet is covered, the larger the area of the return flux considered, the greater the imbalance obtained. In any case, apart from considerations on whether the net onshore transport value is real or not, the Cabo Bojador filament was clearly acting as a recirculation loop during our study. Seaward transport mainly occurred in the mixed layer while shoreward transportation presented maxima at deeper layers.
This situation clearly differs from studies based on ocean color images (Hernadez-Guerra et al. 1993 ) and field data (Aristeguj et al. 1997) in the vicinity of Gran Canaria, a n island 215 km off the upwelling, where high chlorophyll concentrations transported by filaments were observed. The nature of the filament and its genesis are critical for the biological consequences of the filament. The stage of development of the filament structure can also be important in terms of its biological consequences.
Variability in photosynthetic parameters
There is a considerable variability in the photosynthetic parameters in the Canaries region, due to the contrast between the oligotrophic surface waters of the eastern North Atlantic boundary current and the nutrient-rich upwelling waters. In the ML, extremely low a values were measured in the westernmost regions (G1 and G2), and the assimilation number varied by a factor of 19 (0.68 to 13.02 mg C mg-' chl h-'). This dramatic variation within a few hundred kilometers reflects the differences between 2 systems that occupy the lower and the higher extremes in the productivity range. The P,,, values are similar to the range observed by Kyewalyanga et al. (1998) in a transect across the North Atlantic during spring 1993 and, similarly, low surface a values (<0.01) were observed by Marafion & Holligan (1999) in a meridional transect across the Atlantic at the same latitude of the Canary Islands. Hood et al. (1991) , in a survey of the CTZ off northern California, observed significant differences in the phytoplankton P-E response curves; these were attributed to changes in the taxonomic composition, light history and physiological condition of cells. The contribution of each of these variables to photosynthetic changes in natural samples is, however, difficult to evaluate. Kennaway & Tett (1994) observed an onshore-offshore shift in phytoplankton species composition. Upwelling waters were dominated by diatoms and haptophytes, while in more stratified waters the surface community was mainly composed of Synecoccocus and Prochlorococcus and haptophytes constituted the deep cm.
Differences in turbulence and species composition are also responsible for vertical variations in the photosynthetic responses. Over the shelf, similar responses between ML and CM samples were measured, and no photoinhibition was observed. The lack of photoinhibition in the CM sample at Stn 56 could be the result of enhanced turbulence near the coast caused by upwelling and mixing processes. Lewis et al. (1984) reported a relationship between AP, , the differences in P, at the surface and near the bottom of the mixed layer, and turbulent mixing rates. They argued that cells grown in turbulent waters present similar photosynthetic response due to a lack of photoadaptation. Conversely, when the rate of photoadaptation is high relative to turbulence-induced light fluctuation, differences in P, appear. These differences are magnified at larger depth scales. Stratification beneath the pycnocline generates nutrient and light availability gradients where phytoplankton species composition and physiology vary. The rate of photoadaptation is likely to be high enough to overcome changes in light levels caused by vertical turbulent motions; therefore, phytoplankton cells should be well adapted. Moreover, if we consider that adaptation from high light to low light is faster than adaptation from low light to high light (Cullen & Lewis 1988 ), we could presume that slowly falling phytoplankton cells would easily adapt to progressively decreasing irradiance. However, sinking phytoplankton cells do not only experience changes in irradiance but also in light quality (primarily affecting a) and in nutrient availability. These factors generate different ecological niches throughout the water column which are occupied by distinct phytoplankton assemblages.
As an example, we can consider the effect of nitracline uplift in the center of the observed cyclonic eddies. The chlorophyll-specific rate of photosynthesis was clearly enhanced in these structures. There is evidence that nutrient limitation can modify photosynthesis parameters (Falkowski et al. 1985 , Osborne & Geider 1986 , Herzig & Falkowski 1989 , Platt et al. 1992 , Sathyendranath et al. 1996 . However, Cullen et al. (1992131, in a review focused on this issue, conclude that assimilation number is an unreliable diagnostic index of nutrient assimilation, and that only in laboratory cultures at controlled light and temperature conditions does low Pm imply nutritional deficiency. Therefore, increases in the photosynthetic parameters in the observed eddies may not necessarily correspond to a nutrient injection in the existing phytoplankton communities. Higher parameters in nutrient-rich waters could also be interpreted as the generation of a niche that is occupied by new cornrnunities with a different P-E performance. Falkowski et al. (1991) , for an eddy in Hawaii, estimated a 67 % increase in the chlorophyll-specific rate of photosynthesis and about a 20 % increase in the integrated primary production compared to adjacent waters. For the same structure, Olaizola et al. (1993) reported an increase in the photosynthetic parameters in the DCM (a and P, were 2.28 and 3.6 times higher, respectively, in the eddy than at other stations) and a change in the floristic composition. Several authors , Balch et al. 1997 , Maraiion & Holligan 1999 have reported relationships between the depth of the nitracline and production rates. Balch et al. (1997) observed an exponential increase in production as the pycnocline shoaled in the Californian Upwelling, which they attributed to the photon f!lux increase at shallower depths. They also suggested that isopycnal and diapycnal mixing of nitrate-rich water was sufficient to sustain higher primary production levels when the pycnocline shoaled. This effect is also observed in the grouped photosynthetic parameters (Table 4) , which show a progressive increase as the African shelf is approached. The phytoplankton photosynthetic response and therefore primary production in the G1 zone is, however, more variable and not related to isopycnal uplifting. This variability cannot be attnbuted to biomass changes (average integrated chlorophyll values are only slightly lower in G1 than in G2) but, instead, must be caused by the variability of the photosynthetic performance of algae (production at G2 is almost double that at G l ) . Maraiion & Holligan (1999) have also addressed the importance of phytoplankton photosynthetic performance at larger scales.
Regional production estimates
These algorithms have been fragmented into relations affecting to relatively biogeochemically homogeneous ocean compartments or 'provinces'. This has accounted for inter-regional differences; however, intra-regional variability is mainly reproduced in terms of biomass variations. From our results it is evident that other factors of variation should be included in order to achieve a more realistic representation of the intra-regional variability. In the most oligotrophic zone of the surveyed area ( G l ) , spatial primary production increases are not accompanied by proportional increases in chlorophyll. We have observed variations in the ML of almost an order of magnitude for Pm values while, surface and integrated chlorophyll remained extremely constant. As Lewis (1992) states, the high variability of physiological parameters even over short time and restricted space is still limiting these methods. Uncoupling between production and chlorophyll could be explained if: (1) subtropical plankton assemblages present high and variable C:chl ratios or (2) if microzooplankton rapidly controls the produced biomass. Maximum C:chl ratios are typical from oceanic areas experiencing high irradiance. This effect is caused by the reduction of cell pigment content at high irradiance but also by restricted nutrient availability in stratified regions. Taylor et al. (19971, based on mode!ed results, report highest C:chl (>150) ratios in the surface layers between 25 and 35 degrees of latitude. An alternative, but not excluding, explanation is a zooplankton control over the newly produced biomass. A coupled phytoplankton-herbivore system in which grazing limits the standing crop has been suggested as an explanation for open ocean high-nutrient low-chlorophyll situations (Walsh 1976 , Minas et al. 1986 , Cullen et al. 1992a ), but could also be applicable for most subtropical areas. In these regions mesoscale and smaller scale physical processes would control productivity.
In conclusion, our results show that transition zones between highly productive upwelling systems and oligotrophic open ocean waters present a large variability in photosynthetic parameters. Unless this variability is considered in productivity models, regional production estimations can be greatly biased.
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